Abstract-Naphthalene decomposition in O 2 /N 2 gas mixture with different O 2 concentrations has been studied in a dielectric barrier discharge reactor at atmospheric pressure. O 2 played an important role in the decomposition of naphthalene, especially in the selectivities of CO and CO 2 . There was an optimal naphthalene decomposition rate at an O 2 concentration of about 3%. The CO x selectivity increased up to 83.3% gradually with the O 2 concentration increasing from 1% to 20%. Nanoparticles were found in the gas samples, concentrations of which can be reduced greatly through raising the O 2 concentration. The decomposition byproducts of naphthalene were obviously different under different O 2 concentrations. Some nitrogenous compounds reduced but some oxygenous compounds increased with increasing O 2 concentration. The mechanism of naphthalene decomposition was proposed as that naphthalene was first initiated by dehydrogenation and oxidation, and then followed by deep oxidation to CO and CO 2 .
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I. INTRODUCTION

P
OLYCYCLIC aromatic hydrocarbons (PAHs) are a group of widespread pollutants containing two or more fused benzene rings, which are emitted mainly from the incomplete combustion of fossil fuels or organic wastes. Traffic and coal-combustion-related sources have been considered to be leading PAHs sources in the urban areas [1] - [3] . Other sources of PAHs include coal tar production, coking, bitumen and asphalt production, and smoke houses [4] - [6] . The PAHs have received a considerable research interest due to their detriment to both human health and the environment, as well as their ubiquity in the environment [7] , [8] . Therefore, it is necessary to develop some new technologies to destruct the PAHs before emitting into the ambient air. A total of 16 PAHs are listed as priority control pollutants by the Environmental Protection Agency of the U.S. Among those PAHs, naphthalene is thought as the most volatile, the simplest in molecule structure, and the most abundant in the atmosphere [9] .
In recent years, the nonthermal plasma (NTP) technology has provided an emerging and promising alternative to decompose volatile organic compounds (VOCs). Numerous studies have reported the effectiveness of the NTP technology for VOCs treatment [10] - [16] . However, few studies focus on the PAHs decomposition from air stream by the NTP technology although the removal of PAHs from the environment is urgent [17] , [18] . In the VOCs decomposition by the NTP technology, the molecules of VOCs are generally oxidized or reduced by highly reactive species, e.g., O( 3 P), O( 1 D), OH, O 3 , N * 2 , N, NH, and CH, which are generated by the collisions between energetic electrons and carrier gas molecules, such as O 2 and N 2 . The decomposition process is affected by different carrier gases, which can determine the kind and amount of reactive species. Among these carrier gases, O 2 can greatly affect the decomposition of VOCs or PAHs. Blin-Simiand et al. [19] reported that the removal efficiency of toluene by NTP was affected by the addition O 2 to N 2 . Abdelaziz et al. [18] , [20] , [21] studied naphthalene decomposition using a surface dielectric barrier discharge (DBD) reactor. They found that the O 2 concentration is a key influencing factor on the naphthalene decomposition efficiency [21] . However, the decomposition byproducts must be intensively concerned in the NTP process for VOCs or PAHs decomposition. Some unwanted and hazardous byproducts besides CO and CO 2 could formed [22] , [23] . For example, some organic aerosols were found during NTP VOCs decomposition because of the plasma polymerization [24] - [26] . So the CO x and byproducts formed under different O 2 concentrations in the NTP process for naphthalene decomposition must be studied deeply. In addition, the decomposition mechanism of naphthalene by NTP was reported rarely. We tried to analyze the decomposition mechanism of naphthalene according to the byproducts formed under different O 2 concentrations.
In this paper, naphthalene decomposition under different O 2 concentrations has been studied in a DBD reactor. The influence of O 2 concentration on naphthalene decomposition was evaluated. The decomposition mechanism of naphthalene was proposed in terms of byproduct analysis results.
II. EXPERIMENTAL SETUP AND METHOD
Experimental system (as shown in Fig. 1 ) consisted of a naphthalene gas generator, DBD reactor, pulse 0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. power supply, discharge voltage and current measurement unit, gas chromatograph (GC), gas chromatograph with mass spectrometer (GC-MS), ozone meter, and particle size distribution spectrometer. Naphthalene particles (>99% purity, Aladdin) were placed in a stainless steel bottle that was holed in a 25°C water bath. N 2 (99.999% purity) was supplied to the stainless steel bottle to generate naphthalene-saturated gas. O 2 (99.999% purity) and N 2 gases supplied with two mass flow controllers were sent to the DBD reactor after mixing with the naphthalene-saturated gas. The total flow rate of O 2 and N 2 gases was 500 mL/min at 298 K and atmospheric pressure. O 2 concentration was controlled by changing O 2 and N 2 gas flow rates. The whole gas lines (stainless steel) were thermally insulated at 30°C using electric ribbon heaters. The naphthalene concentration was kept at 80 ± 3 ppm during the whole experiment. Gas samples from the outlet of the DBD reactor were analyzed online by a GC (GC1690, Hangzhou Kexiao, China) equipped with a Porapak-N column and a SE-30 capillary column, and two flame ionization detectors (FID) for each column. A catalytic converter was installed between Porapak-N column and FID to convert CO and CO 2 into methane. The decomposition byproducts were collected from the gas samples with anhydrous ethanol absorption and characterized using a GC-MS (GC-MS, 7890A-5975C, Agilent, USA) equipped with a HP-5MS capillary column. Ozone concentration in the gas samples was measured using an ozone (O 3 ) meter (UV-100, Eco Sensors, USA). Particle size distribution was obtained using a scanning mobility particle spectrometer (SMPS, Grimm, Germany) equipped with a differential mobility analyzer and a Faraday cup electrometer in an aerodynamic diameter range of 0-560 nm.
The DBD reactor consisted of a quartz tube Energy injection over one pulse discharge duration P in joule (J), from the pulse power supply to the DBD reactor was calculated using (1). The average energy injection power P d in watts (W) was calculated using (2)
where V i and V i+1 are the discharge voltage in volts (V) at discharge time t i and t i+1 in seconds, respectively. I i and I i+1 are the discharge current in amperes (A) at the discharge time t i and t i+1 , respectively. Discharge voltage and current are obtained from the data sequences of the discharge voltage and current waveforms. i and i + 1 are the step values of the data sequences. f is the pulse frequency in Hertz (Hz). In this paper, f was fixed at 280 Hz. The specific energy density (SED) in joule per liter (J/L) was defined as the ratio of the energy injection power P d to gas flow rate Q in liters per minute (L/min) in
The naphthalene decomposition rate η d was calculated using
where C 0 and C 1 are the concentrations of naphthalene at the outlet of the DBD reactor without and with discharges, respectively. The selectivity for the production of CO or CO 2 was defined as follows:
where C CO and C CO 2 are the concentrations of CO and CO 2 generated due to the discharges, respectively. S COx is the sum of S CO and S CO 2 .
III. RESULTS AND DISCUSSION
A. Discharge Characteristics
The pulse power supply can supply a positive voltage pulse and a negative voltage pulse. The typical waveforms of discharge voltage and discharge current over one pulse discharge duration are shown in Fig. 2 . The positive voltage pulse was followed by a negative voltage pulse [ Fig. 2(A) ]. The peak voltage, rise time, and half width in the positive pulse were 9.11 kV, 1.3 μs, and 14.5 μs, respectively. The peak voltage, fall time, and half width in the negative pulse were 11.1 kV, 1.7 μs, and 13.2 μs, respectively.
The discharge current reached a peak value of 1.08 A at 2.4 μs where peak voltage located, and then decreased to form the first current pulse with a 1.5 μs of half-width. The discharge current decreased further to −1.59 A and then increased to zero level to form the second current pulse with a 3.1 μs of half-width. The characteristics of the current waveform over the negative voltage pulse were similar to those over the positive voltage pulse. As shown in Fig. 2(B) , each pulse corresponded to a set of simultaneous microdischarges created within the discharge space. Fig. 3 shows SED as a function of peak voltage under different O 2 concentrations. It was found that the SED increased rapidly with the increasing peak voltage when the peak voltage was higher than 4 kV, indicating that the inception voltages for the gas breakdown in the DBD reactor filled with different O 2 concentrations are almost the same. At the same peak voltage higher than 4 kV, the SED decreased with increasing O 2 concentration, suggesting that O 2 restricts the energy injection due to the electronegativity property of O 2 molecule. Fig. 4 shows naphthalene decomposition rates as a function of O 2 concentration under different energy densities. The naphthalene decomposition rate rose rapidly as the O 2 concentration increased from 0% to 3%. However, it rose very slowly when the O 2 concentration was higher than 3%. Taking the SED of 65 J/L as an example, when the O 2 concentration increased from 0% to 3%, the naphthalene decomposition rate rose rapidly from 53.5% to 80.1%, but was only 83.0% at the O 2 concentration of 30%. With the same O 2 concentration, the naphthalene decomposition rate was higher at higher SED than that at lower SED. Those findings indicate that the energy injection plays an important role in the naphthalene decomposition if the O 2 concentration is higher than 3%.
B. Naphthalene Decomposition
The main products of naphthalene decomposition were CO and CO 2 . Through deep oxidation of naphthalene, some nonnaphthalene intermediary compounds were finally converted into CO and CO 2 . Fig. 5 shows CO, CO 2 , and CO x selectivities as a function of O 2 concentration at an SED of 65 J/L. As the carrier gas was only N 2 (O 2 concentration was 0%), no CO or CO 2 was detected. Afterward, the CO x selectivity increased gradually with the O 2 concentration increasing from 1% to 20%. The CO x selectivity reached 83.3% at the O 2 concentration of 20%. As the O 2 concentration increased further to 30%, the CO x selectivity increased slowly to 91.3%.
As O 3 is formed through the electron impact dissociation of O 2 molecule and recombination of O atom [27] , O 3 concentration can reflect the generation of active oxygen species (O atoms) in the discharge space [28] . O 3 concentrations in the gas samples were then measured. Fig. 6 shows O 3 concentration at different O 2 concentrations and at an SED of 65 J/L. O 3 concentration increased gradually from 0 to 348 ppm with the O 2 concentration increase from 0% to 30%. In addition, as shown in Fig. 5 , the relation of CO x selectivity and O 2 concentration was similar to that of O 3 concentration and O 2 concentration. In other words, the deep decomposition of naphthalene was improved notably possibly by the increased amount of active oxygen species or by O 3 .
From the above results, it is clear that O 2 played an important role in the decomposition of naphthalene. To achieve high decomposition rate of naphthalene at a reasonable cost, the O 2 concentration of 3% could be a good choice. But for the CO x selectivity, the O 2 concentration of 20% could be the most effective and economic option. This results were concordant with Blin-Simiand's research. Blin-Simiand et al. [19] reported that the removal efficiency of toluene by NTP increased with the addition of 2%-3% (v/v) O 2 to N 2 . However, Mok et al. [29] found that the decomposition efficiency of CHF 2 Cl decreased with the increasing amount of O 2 [from 0 to 30% (v/v)] in a wire-in-tube pulsed corona reactor. Considering these two different results, it could be attributed to different decomposition mechanisms. For toluene and naphthalene, the reactive species from O 2 contributed to their decompositions. However, it was found that the reactive species from N 2 mainly contributed to the destruction of CHF 2 Cl rather than those from O 2 [29] .
C. Byproducts Analysis
As the CO x selectivity is less than 100%, there are other byproducts besides CO and CO 2 . Some researchers have found that organic aerosols were formed during the plasma VOCs decomposition because of polymerization or liquid organic compounds containing oxygen. Aerosols are thought to be one of the most undesirable byproducts during the VOCs decomposition by NTP [30] , [31] . The size distribution and density of aerosols formed during the naphthalene decomposition were detected. As shown in Fig. 7 , there were only some fine particles with diameters less than 15 nm when no discharges happened in the discharge space. Those particles are from the nucleation of naphthalene molecules. The particle sizes became larger when discharges occurred. The particle concentration was mainly within a size range between 0 and 100 nm, and the maximum concentrations were located in a size between 20 and 30 nm. In addition, particle concentration decreased gradually with the increasing O 2 concentration. When the O 2 concentration increased from 0% to 3%, the total particle concentration in all size rage decreased by over 50%. The increasing O 2 concentration can generate more active oxygen species (Fig. 6) , which improves the deep oxidation of naphthalene and its particle products to CO and CO 2 (Fig. 5) .
In order to identify the byproducts of naphthalene decomposition, the end-of-pipe gases were absorbed by 50 ml ethanol liquid for 60 min and then analyzed by GC-MS. It has been known that when the O 2 concentration was 0%, there was no CO or CO 2 generated. However, over 50% of naphthalene was decomposed, indicating that other byproducts must have been formed. Fig. 8 shows the byproducts of naphthalene decomposition at 0% O 2 concentration. Some new aromatic compounds (such as , , and ) and nitrogenous compounds (such as , , , and ) have been found. The oxidation reactions were restrained entirely at 0% O 2 concentration (100% N 2 ) because no CO or CO 2 were detected. However, the active species from N 2 (such as N * 2 or N) could initiate the collision and radical reactions and generated these byproducts showed in Fig. 8 . These compounds were not the final products of naphthalene decomposition we wanted. So the oxidation process must be strengthened by adding O 2 .
When the O 2 concentration was higher than 0%, CO and CO 2 were detected. Moreover, the CO x selectivity increased with increasing the O 2 concentration, which states that the decomposition byproducts have changed. Figs. 9 and 10 show the byproducts of naphthalene decomposition at the O 2 concentrations of 4% and 20%, respectively. It could be seen that the species of nitrogenous compounds reduced obviously at the O 2 concentrations of 4%. Instead, some hydrocarbons with oxygen appeared. Some oxidation radicals, such as O( 3 P) and O( 1 D), were generated as O 2 was added into N 2 . These O radicals could go on a series of oxidation reactions with naphthalene molecules to form hydrocarbons with oxygen. The formation of hydrocarbons with oxygen stated that the oxidation reaction had been enhanced greatly at the O 2 concentrations of 4%. When the O 2 concentration increased to 20%, only one kind of nitrogenous compound can be found. Meanwhile, more hydrocarbons with oxygen occurred (Fig. 10) . Some benzene rings were even opened entirely and formed chain aliphatic hydrocarbons (such as and ) by further oxidation. O 2 dissociation provided more oxidation radicals at the O 2 concentrations of 20%, which can improve the deep oxidation of naphthalene. From the above byproducts analysis results, it could be concluded that the naphthalene decomposition should be a step-by-step oxidation process. The detailed mechanism analysis of naphthalene decomposition was presented in the following sections.
D. Mechanism Analysis of Naphthalene Decomposition
Organic compound decomposition in discharge space is generally related with energized electrons, excited molecules or atoms, and reactive species [32] . When the O 2 concentration is 0%, excited N 2 molecules play an important role for the naphthalene decomposition [33] . The excitation of N 2 molecules is caused by the collision of N 2 molecules with highly energetic electrons in an electric filed. Subsequently, the collision of naphthalene molecules with the excited N 2 molecules results in formation of free radicals after the dissociation of chemical bonds of C-H and C-C, as shown in (7) and (8) [34] . However, the free radicals are not stable. Some of them react with N atoms (formed from the dissociation of N 2 molecules) to produce heterocyclic and monocyclic compounds containing nitrogen, such as , , and . The Others change to new aromatic compounds, such as , and through ring closing reaction. Those compounds can be found in Fig. 8 . In addition, highly energetic electrons can also take part in the naphthalene decomposition directly via collision with naphthalene molecules. However, because of relatively lower naphthalene concentration, the collision reaction of highly energetic electrons with naphthalene molecules can be ignored [33] [34] . The O atoms are very reactive, so they can react directly with naphthalene molecules to yield free radicals, hydrocarbons with less carbon members than naphthalene, or hydrocarbons with oxygen, as shown in (9)−(11) [35] to realize the elementary oxidation of naphthalene. So the addition of O 2 can increase the decomposition rate of naphthalene, which has been proved by Fig. 4 . The O atoms can also contribute the deep oxidation of those free radicals, hydrocarbons, or hydrocarbons with oxygen byproducts, such as C 10 H 7 , C 9 H 7 , C 9 H 8 and C 10 H 8 O. Therefore, the presence of O 2 in the discharge space can promote also the deep oxidation of naphthalene to produce CO and CO 2 , which has been proved from the experimental results in Fig. 5 C
When the O 2 concentration in the discharge space was 20%, the excitation of N 2 molecule was restrained completely, so hardly any nitrogenous compounds was detected, which has been confirmed from Fig. 10 . However, some intermediary compounds with benzene ring, such as naphthaquinone, o-phthalaldehyde, and phthalic anhydride, were found (Fig. 10) . Those intermediary compounds may include the oxidation mechanism of naphthalene decomposition. Onwudili and Williams [36] studied the reaction mechanisms for the decomposition of phenanthrene and naphthalene under hydrothermal conditions. They suggested that naphthalene was oxidized via hydroxylation of one of the aromatic rings to form naphthol. The intramolecular rearrangement of naphthol through tautomerisation led to the formation of naphthoquinone. The aliphatic compounds have been produced during ring-opening reactions. Subsequently, in a strongly oxidizing environment, these aliphatic compounds were gradually converted into CO and CO 2 , which are the ideal products of naphthalene decomposition. The oxidation mechanism of naphthalene is then proposed in Fig. 11 . Naphthalene decomposition is initiated by dehydrogenation and oxygenation to yield naphthaquinone. Naphthaquinone is converted into CO and CO 2 through a series of oxidation reactions, in which o-phthalaldehyde, phthalic anhydride, and phthalide are intermediary compounds. Consequently, aliphatic compounds, such as hexanone and hexyl alcohol, are produced. Finally, these aliphatic compounds are oxidized deeply into CO, CO 2 , and H 2 O.
IV. CONCLUSION
Naphthalene decomposition under different O 2 concentrations has been studied in a DBD reactor at atmospheric pressure. The main findings can be summarized as follows. 1) O 2 played an important role in the decomposition of naphthalene, especially in the selectivities of CO and CO 2 . The naphthalene decomposition rate rose rapidly as the O 2 concentration increased from 0% to 3%. However, it rose very slowly when the O 2 concentration was higher than 3%. The CO x selectivity increased up to 91.3% gradually with the O 2 concentration increasing from 1% to 30%. 2) Particles with a size range of 20-30 nm and maximum concentration of 1.7 × 10 8 #/cm 3 were found in the gas samples. The particle concentration decreased with the increasing O 2 concentration. GC-MS analysis results showed that those particles were the byproducts of naphthalene decomposition, including some nitrogenous and oxygenous compounds. Those nitrogenous compounds reduced but those oxygenous compounds increased with the increasing O 2 concentration. 3) From GC-MS analysis results, oxidation mechanism of naphthalene decomposition was proposed. Naphthalene decomposition is first initiated by dehydrogenation and oxidation, and then followed by deep oxidation to CO and CO 2 . 4) In conclusion, DBD at atmospheric pressure is a promising technology for the remediation of PAHs in waste gas streams containing nitrogen and oxygen. Further work is directed toward higher CO 2 selectivity and less nanoparticles through combining DBD with catalysis.
